Determination of kinetic parameters of penicillin acylases for phenylacetylated compounds is complicated due to the low K m values for these substrates, the lack of a spectroscopic signal, and the strong product inhibition by phenylacetic acid. To overcome these difficulties, a spectrophotometric method was developed, with which kinetic parameters could be determined by measuring the effects on the hydrolysis of the chromogenic reference substrate 2-nitro-5-[(phenylacetyl)amino]benzoic acid (NIPAB). To that end, spectrophotometric progress curves with NIPAB in the absence and presence of the phenylacetylated substrates and their products were measured and analyzed by numerical fitting to the appropriate equations for competing substrates with product inhibition. This analysis yielded kinetic constants for phenylacetylated substrates such as penicillin G, which are in close agreement with those obtained in independent initial velocity experiments. Using NIPAB analogs with lower k cat /K m values, kinetic parameters for the hydrolysis of cephalexin and penicillin V were determined. This method was suitable for determining the kinetic constants of penicillin acylases in periplasmic extracts from Escherichia coli, Alcaligenes faecalis, and Kluyvera citrophila. The use of chromogenic reference substrates thus appears to be a rapid and reliable method for determining kinetic constants with various substrates and enzymes.
phenylacetic acid and 6-aminopenicillanic acid (6-APA), 3 which is a building block in the synthesis of semi-synthetic ␤-lactam antibiotics (1) . Since the enzyme can also be applied in the condensation reaction with a variety of acyl donors, penicillin acylase can potentially be used for biocatalytic synthesis of various semisynthetic antibiotics, which are of pharmaceutical importance. For efficient screening of enzymes with improved catalytic properties, it is necessary to use a rapid and reliable method for the determination of the kinetic constants for penicillin G and other ␤-lactam compounds. These parameters can in principle be determined with several methods. The 6-APA produced during hydrolysis of penicillin G can be detected directly using HPLC methods, by fluorescence measurements after reaction with fluorescamine (2), or by colorimetric measurements after derivatization with 4-(dimethylamino)benzaldehyde (3) . The released phenylacetic acid can also be monitored by acid/base titration (4) .
However, these methods are time-consuming and, except for titration methods, require quenching of the reaction prior to analysis. Furthermore, the measurements are complicated by the chemical instability of the ␤-lactam compounds (5, 6) , and the low sensitivity of some of these methods complicates accurate determination of the low K m values typical for phenylacetylated substrates. Moreover, the classical steady-state method of measuring initial rates is prone to severe error because of the strong product inhibition by phenylacetic acid. Due to these complications, K m values for penicillin G and K i values for phenylacetic acid of penicillin acylase of E. coli have been reported, which differ by several orders of magnitude (3, (7) (8) (9) (10) .
To overcome these problems we developed a spectrophotometric method for the direct determination of the kinetic constants for invisible substrates, i.e., substrates, such as penicillin G, which do not display a significant change in absorbance upon conversion. The method is based on measuring the effect of the invisible substrate on the conversion of a spectrophotometric reference compound.
When two substrates are converted by an enzyme at the same active site and follow Michaelis-Menten kinetics, the substrates competitively inhibit the conversion of each other (11) . The conversion of both substrates can be described by rate Eq. [1] ,
where V maxS1 , K mS1 , and K mS2 are the kinetic parameters of the enzyme. From this equation it follows that if the kinetics of the first substrate are known, the kinetic parameters of the enzyme for the second substrate can be determined by analyzing the effect of the second substrate on the kinetics of conversion of the first substrate. As a chromogenic substrate we used 2-nitro-5-[(phenylacetyl)amino]benzoic acid (NIPAB) (Fig. 1 ) and analogs thereof, of which the hydrolysis causes an increase in absorbance at 405 nm due to the liberation of 5-amino-2-nitrobenzoic acid (8) . Using numerical integration of the relevant differential equations for product formation, accurate estimates for various invisible substrates could be obtained.
METHODS

Growth of Bacteria and Enzyme Purification
Strains of E. coli HB101 carrying the cloned genes of E. coli and Alcaligenes faecalis penicillin acylase were provided by Dr. J.-M. van der Laan (Gist brocades, Delft, The Netherlands). Cells were grown in LB medium (12) at 17°C and rotary shaking at 150 rpm. Cells were harvested in the late exponential phase by centrifugation at 5000g for 10 min. Periplasmic extract was prepared by resuspending the cells in 1 10 of the original culture volume of ice-cold osmotic shock buffer A (20% sucrose, 100 mM Tris ⅐ HCl, 10 mM EDTA, pH 8.0) and centrifuged at 5000g for 10 min. Subsequently, the cells were resuspended in 1 10 of the original culture volume of ice-cold 1 mM EDTA and centrifuged at 5000g for 10 min. Potassium phosphate buffer (1 M, pH 7.0) was added to the supernatant to a final concentration of 50 mM. The periplasmic extracts were then stored at Ϫ20°C. For further purification, (NH 4 ) 2 SO 4 was added to the periplasmic extract to a final concentration of 1.5 M. The sample was loaded on a Resource Phe (Pharmacia) column and eluted with a linear gradient of 1.5 to 0 M (NH 4 ) 2 SO 4 in 20 mM potassium phosphate buffer of pH 7.0. The penicillin acylase of E. coli eluted at a concentration of 1 M (NH 4 ) 2 SO 4 . Fractions containing the active enzyme were pooled and using ultrafiltration (Amicon ultrafiltration cell, with a YM 30 filter), the buffer system was replaced with 50 mM potassium phosphate, pH 7.0, 5% glycerol.
Penicillin acylase of Kluyvera citrophila ATCC 21285 was obtained by growing K. citrophila in BHI medium at 30°C and performing the osmotic shock as described above.
In each case, the amount of active enzyme was determined by titration with phenylmethylsulfonyl fluoride (PMSF). Stock concentrations of 10 mM PMSF were made in acetonitrile. Penicillin acylase was incubated at pH 7.0 for 10 min at room temperature with various concentrations of freshly diluted PMSF in 50 mM phosphate buffer. Residual activity was measured with NIPAB as the substrate.
Determination of Kinetic Parameters
When NIPAB and penicillin G are present in a reaction mixture, the hydrolysis of NIPAB by penicillin acylase is described by Eq. [2] ,
where K m NIPAB and K m PenG denote the affinity constants for NIPAB and penicillin G, respectively, and k cat NIPAB is the catalytic constant for NIPAB. Since penicillin acylase is inhibited competitively by the products of penicillin G and NIPAB hydrolysis (4, Alkema, manuscript in preparation), inhibition constants for phenylacetic acid (K i PAA ) and 6-APA (K i APA ) are included. Similarly, the conversion of penicillin G can be described by d͓PenG͔ dt
, [3] where k cat PenG is the catalytic constant for penicillin G. Phenylacetic acid is produced in both reactions, so the concentration of phenylacetic acid is described by:
and 6-APA is produced by the hydrolysis of penicillin G, so the concentration of 6-APA is described by:
The hydrolysis of NIPAB is monitored by measuring the increase in absorbance at 405 nm caused by the liberation of 5-amino-2-nitrobenzoic acid. So
where ⑀ is the molar extinction coefficient of 5-amino-2-nitrobenzoic acid which is 9.09 mM Ϫ1 ⅐ cm Ϫ1 at pH 7.0 (8) and d is the length of the optical path.
Enzymatic hydrolysis of chromogenic substrates was followed continuously by monitoring the absorbance at 405 nm with a Perkin-Elmer Lambda Bio 40 spectrometer. All conversions were carried out at 30°C in 50 mM potassium phosphate buffer, pH 7.0.
Data were analyzed using the program Scientist (Micromath Inc., version 2.0). Data sets from independent experiments were fitted simultaneously, using the least-squares fitting procedure implemented in the program. In this fitting procedure parameters with a known value, e.g., substrate and enzyme concentrations, were fixed. Unknown kinetic parameters were set as fitting parameters and their values were found by fitting the system of differential equations to the experimentally obtained absorbance data sets. Fitting procedures were run with different initial estimates of fitting parameters to obtain an indication of whether unique solutions were found for the fitting parameters. The goodness of fit and the information content of the data were also checked by inspecting the standard deviations of the parameter values and the correlation between the fitting parameters, using the Statistics procedure implemented in the Scientist program.
Chemicals
NIPAB was purchased from Sigma Chemical Co. D-2-Nitro-5-[(phenylglycyl)amino]benzoic acid (NIPGB) was purchased from Syncom (Groningen, The Netherlands). 2-Nitro-5-[(phenoxyacetyl)amino]benzoic acid (NIPOAB) was synthesized as described (13) . Penicillin G, penicillin V, and cephalexin were a gift of Gist brocades. PMSF was from Boehringer-Mannheim. Phenylacetic acid methyl ester was from Aldrich.
RESULTS
Kinetics of NIPAB Hydrolysis and Phenylacetic Acid Inhibition
To investigate the possibility of using progress curves for analyzing the kinetics of the conversion of an invisible substrate, the kinetic parameters of NIPAB conversion were first determined using purified penicillin acylase. Reactions were carried out with NIPAB as the sole substrate and phenylacetic acid was added at different concentrations to obtain the inhibition constant (Fig. 2) . Phenylacetic acid had a significant effect on the shape of the progress curves, and product inhibition thus must be included in the model. The progress curves were fitted to equations described above using k cat NIPAB , K m NIPAB , and K i PAA as fitting parameters to obtain values for the kinetic constants for NIPAB hydrolysis (Table 1) .
The values for k cat and K m of NIPAB hydrolysis and the inhibition constant for phenylacetic acid were also determined using classical initial rates measurements at various NIPAB concentrations and varying phenylacetic acid concentrations (Table 1 ). In these experiments care was taken that the concentrations of phe- 
nylacetic acid produced by hydrolysis of NIPAB were never higher than 10% of the K i value. The values obtained from progress curves for the hydrolysis of NIPAB were in good agreement with the values obtained with the initial rate experiments and with data reported by Kutzbach and Rauenbusch (8) and Kasche et al. (14) . For phenylacetic acid, inhibition constants ranging from 0.05 to 5 mM have been reported (3, 7, 8, 10) . However, the K m and K i values for other phenylacetylated compounds are all in the range of 10 to 200 M (9, 14), which indicates that the K i value of 70 M for phenylacetic acid obtained in these experiments is correct. These results show that accurate kinetic constants were obtained by analysis of progress curves (Table 1) .
Kinetic Constants for Invisible Phenylacetylated Compounds
The kinetic parameters of hydrolysis of penicillin G were determined by studying the effect of penicillin G on NIPAB hydrolysis. Various concentrations of penicillin G were added to reaction mixtures containing NIPAB as the chromogenic reference substrate and the reaction progress curves were recorded (Fig. 2) . The first part of the progress curve showed that inhibition of NIPAB hydrolysis occurred. During the course of the reaction the rate gradually increased to a point at which it decreased again due to the depletion of NIPAB. The S shape of the curves indicates that penicillin G is converted and the weaker inhibitor phenylacetic acid is produced.
When phenylacetic acid methyl ester was used as the invisible substrate, a gradual decrease of the rate of hydrolysis was observed (Fig. 3) . At the start of the reaction, 500 M phenylacetic acid methyl ester and 200 M phenylacetic acid caused the same degree of inhibition of NIPAB hydrolysis, whereas 200 M phenylacetic acid methyl ester showed less inhibition than 200 M phenylacetic acid. During conversion, the rate of NIPAB hydrolysis decreased faster in the reaction mixtures with phenylacetic acid methyl ester than that in the mixture with phenylacetic acid. This indicates that penicillin acylase has a higher affinity for phenylacetic acid than for phenylacetic acid methyl ester and that the latter compound is converted to the stronger inhibitor phenylacetic acid. When phenylacetamide was used as an invisible substrate, the same effect was observed, i.e., conversion of phenylacetamide to the stronger inhibitor phenylacetic acid (data not shown).
The kinetic constants obtained after fitting of the progress curves are in agreement with these observations ( Table 2) . The inhibition by 6-APA was ignored in this fitting procedure because the K i of 6-APA is about three orders of magnitude higher (ϳ100 mM) (Alkema, manuscript in preparation) than the concentrations produced during the conversion of 200 M penicillin G. From Table 2 it can be concluded that penicillin acylase indeed has the lowest K m for penicillin G and that the K i for phenylacetic acid is lower than the K m values for phenylacetic acid methyl ester and phenylacetamide.
Kinetic Constants of Other Acylases
To test whether the method of progress curve analysis is accurate enough to discriminate between acy- lases from different organisms having different kinetic properties, the kinetics of acylases from E. coli ATCC 11105, A. faecalis, and K. citrophila were studied using periplasmic extracts. Progress curves were recorded for the hydrolysis of NIPAB in the presence of various amounts of invisible substrates and inhibitors. Accurate kinetic constants were obtained for the three different acylases (Table 3 ). All three acylases have similar kinetic parameters for the hydrolysis of NIPAB and penicillin G. However the penicillin acylase of A. faecalis has a higher specificity constant (k cat /K m ) for both NIPAB and penicillin G, mainly caused by a higher affinity for the substrates compared to the E. coli and the K. citrophila enzyme. The affinity of the A. faecalis enzyme for phenylacetic acid is also higher than that of the E. coli acylase. For K. citrophila kinetic constants were found which are almost the same as the values for the E. coli enzyme, which is in agreement with observations from Roa et al. (19, 20) . The values obtained with the E. coli periplasmic extract agree well with the values obtained with the pure enzyme, indicating that components present in the periplasmic extract do not interfere with the measurements.
New Chromogenic Substrates
For determining the kinetic parameters for the invisible substrates, the rate of conversion of these substrates should be higher than that of the chromogenic substrate. When both substrates are present in the reaction mixture, the relative rates at which the chromogenic substrate (V chrom ) and the invisible substrate (V invis ) are converted are given by Eq. [7] (11):
Due to the high k cat /K m value, NIPAB is a poor reference substrate for studying invisible substrates which are converted slowly. To find chromogenic substrates with lower k cat /K m values to study slowly converted substrates, we determined the kinetic parameters for NIPAB analogs in which the phenylacetic acid moiety was replaced by a D-phenylglycine or a phenoxyacetic acid group, yielding D-2-nitro-5-[(phenylglycyl)amino]-benzoic acid (NIPGB) and 2-nitro-5-[(phenoxyacetyl)-amino]benzoic acid (NIPOAB), respectively ( Fig. 1) . Both NIPGB and NIPOAB were converted by penicillin acylase of E. coli with k cat /K m values which are significantly lower than the value for NIPAB (Table 4) and could therefore be used to determine the kinetic parameters for cephalexin and penicillin V, respectively ( Table 2) . The progress curves which were obtained when NIPGB was used to study the conversion of 25 mM cephalexin could be fitted only when an inhibition constant of 7-aminodesacetoxycephalosporanic acid (7-ADCA), the product of cephalexin hydrolysis, of 7.5 mM was included (Fig. 4) . This value is in agreement with the inhibition constant obtained in independent experiments (Alkema, manuscript in preparation). The k cat and K m values that were obtained for cephalexin are similar to literature values (10) and (20) .
b Literature values taken from Refs. (4) and (14) .
c Literature values taken from Refs. (18) and (19) . (9) . The preferential conversion of cephalexin in the presence of 86 M NIPGB caused a typical S-shaped progress curve, which was not observed when 100 M NIPAB was the reference substrate, since only a small amount of the cephalexin was hydrolyzed under the latter conditions (Fig. 4) .
DISCUSSION
Although NIPAB and analogous spectroscopic substrates have been used in screening procedures for acylase activities in microorganisms (13, 16 -18) and in kinetic studies (4, 19, 20) , their use for determination of kinetic parameters for the conversion of invisible substrates has not been described. With the method reported here, steady-state kinetic constants for invisible substrates, including inhibition constants of the product, can be obtained by measuring the effect on the time course of hydrolysis of a chromogenic reference substrate. The method is convenient because no detection methods need to be developed for each invisible compound. Furthermore, fewer reactions must be carried out than with initial rate measurements. Another advantage is that product inhibition which may have a large effect on the outcome of initial rate measurements can be included in the model describing the reactions.
The kinetic values obtained with the E. coli penicillin acylase for the hydrolysis of NIPAB and penicillin G agree well with values obtained in literature (9, 14) . The k cat value of 170 s Ϫ1 reported for the hydrolysis of phenylacetic acid ethyl ester (9) is comparable to the value of 190 s Ϫ1 that was obtained for phenylacetic acid methyl ester and indicates that phenylacetylated esters are good substrates for penicillin acylase. A lower value was found for the k cat for phenylacetamide, which can be explained by the fact that amide bonds are in general less reactive than ester bonds. The higher rate observed with the ester also indicates that cleavage of the covalent intermediate occurs at a rate of at least 190 s Ϫ1 and thus is not the rate-limiting step in the catalytic cycle with the amide.
Using the method reported here, acylases from different organisms could be characterized. The kinetic constants of the enzyme from A. faecalis for penicillin G and phenylacetic acid and the K m value for NIPAB are in agreement with values reported earlier (3, 15) , although Svedas et al. reported a somewhat higher k cat for NIPAB (4). The differences observed among the values found for the penicillin acylase of K. citrophila might be caused by the different experimental setup with respect to pH and acetonitrile concentration. In general, however, these results show that the method that was used allows rapid characterization of acylases and is accurate enough to discriminate among similar acylases from different organisms having different substrate specificities.
The method is only suitable for measuring the kinetics of conversion of an invisible substrate if the K i of the hydrolysis product is different from the substrate K m . In the case that both constants are equal, no change in inhibition of NIPAB hydrolysis can be observed upon conversion of the invisible substrate. However, for almost all substrates of penicillin acylase studied thus far, a difference between the binding constants of the substrate and the hydrolysis product of about a factor 5 or more was observed which was sufficient to observe the conversion of the invisible substrate.
Another important aspect is the fact that the k cat /K m value for the chromogenic substrate should be lower than the k cat /K m value for the invisible substrate to obtain complete or significant conversion of the invisible substrate during the course of the reaction. The range in k cat /K m values of penicillin acylase for phenylacetylated, phenoxyacetylated and phenylglycylated chromogenic substrates was sufficient to determine kinetic parameters for several substrates of interest. An advantage of phenylglycylated chromogenic substrates is that the phenylglycine, which is produced during hydrolysis of these compounds, does not significantly inhibit the enzyme, making the analysis of progress curves less complicated.
The method using chromogenic reference substrates is useful for rapid screening of mutants with respect to their kinetic parameters for ␤-lactam antibiotics and the related precursor substrates. Chromogenic substrates have been used in screening protocols (21) , to study substrate specificities of esterases (22) , phosphatases (23), dehydrogenases (24) , and peptidases (25) . The method described in this paper should also be applicable to obtain kinetic parameters for the conversion of invisible substrates by those enzymes.
